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We consider the radiation of angular momentum (AM) from current-carrying molecular junctions.
Using the nonequilibrium Green’s function method, we derive a convenient formula for the AM
radiation and apply it to a prototypical benzene molecule junction. We discuss the selection rules for
inelastic transitions between the molecular angular momentum eigenstates due to a 6-fold rotational
symmetry. Our study provides important insights into the generation of light with AM from DC-
biased molecular junctions.
Introduction.– The atomic scale interaction of nonequi-
librium electrons with light is the key to develop elec-
trically driven single molecular light sources for sensing,
spectroscopy and chemical reactions [1–3]. The high spa-
tial resolution and local field enhancement offered by
the tip of a scanning tunneling microscope provide an
ideal platform to investigate this problem [4–9]. Recent
years have witnessed tremendous progress in this direc-
tion. By analyzing the light emission spectra, a variety
of physical and chemical information can be deduced,
including vibrational coupling [7, 10], coherent inter-
molecular dipole interaction [8, 11, 12], plasmon-exciton
coupling [13, 14], anti- and super-bunching photon statis-
tics [15, 16], charge and spin state emission [17, 18]. The-
oretical understanding of these effects relies on methods
developed in quantum optics and quantum transport [18–
27].
The coupling of electron orbital motion with its spin
leads to spin-orbit interaction, which is of vital impor-
tance in spintronics [28], topological physics [29, 30] and
so on. Spin-orbit coupling is also responsible for the chi-
ral induced spin selectivity in electron transport through
molecules [31, 32]. However, the effect of electron or-
bital motion on single molecule electro-luminescence is,
to a large extent, unexplored. In this work, based on
nonequilibrium Green’s function (NEGF) method [33–
36], we develop a microscopic theory to study electri-
cally driven angular momentum emission from a single
molecule. We consider a prototypical benzene molecule,
which has well-defined orbital angular momentum states
in isolated situation. We illustrate the underlying mecha-
nism as inelastic electronic transition between states with
different orbital AM. This is in contrast to the optical
approach by passing normal light through constructed
optical structures [37, 38].
Theory.– To consider an open system for light emis-
sion, we decompose it into four parts: a molecular system
as a quantum emitter, the coupling of the quantum emit-
ter with the radiation field, the radiation field itself, the
leads and their couplings with the quantum emitter for
pumping energy and electrons into the quantum emitter.
FIG. 1. Light emission from a benzene molecule junction.
The metal leads L and R are connected to two carbon atoms
in the ortho position. Meta and para positions correspond to
lead R connecting to 3 and 4, respectively.
We use a tight-binding (TB) model combined with the
Peierls substitution [39] to describe the central molecule
and its coupling with the radiation field, written as
Ht =
∑
〈ij〉
c†i tijcje
iθij , (1)
where 〈ij〉 denotes the nearest-neighbor (NN) sites i and
j, tij is the NN hopping parameter, c
†
i (ci) is the electron
creation (annihilation) operator at site i. The phase θij =
e
~
∫ ri
rj
A ·dl represents the coupling to the radiation field.
Here, e ≈ −1.602× 10−19 C is the electron’s charge, A is
the vector potential, ri and rj are the positions of sites
i and j respectively. Expanding eiθij in terms of A up
to first order, we can write Eq. (1) into two terms Ht ≈
H0t +Hint, with H
0
t for the noninteracting electrons and
Hint for the coupling of the electrons with the radiation
field. They are given by
H0t =
∑
〈ij〉
c†i tijcj , (2)
Hint ≈
∑
〈ij〉
∑
k
∑
µ=x,y,z
Mkµij c
†
i cjAµ(rk), (3)
where Mkµij = i
e
2~ tij(ri − rj)µ(δki + δkj) is the electron-
photon coupling matrix element. We use Greek letters to
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2represent components of the Cartesian coordinates, i.e.,
µ = x, y, z.
Hamiltonian of the radiation field is
Hrad =
1
2
∫
d3r
(
ε0E
2
⊥ +
1
µ0
B2
)
, (4)
where ε0 and µ0 are the vacuum permittivity and perme-
ability, respectively. Here, we adopt the Coulomb gauge
with ∇ ·A = 0, thus the transverse electric field is given
by E⊥ = −∂tA, and the magnetic field is B = ∇ ×A.
We restrict our discussion to the far-field radiation here
and neglect the longitudinal electric field, which is im-
portant only in the near-field heat transfer [40–42]. The
effect of the leads and their couplings with the molecule
are included by the self-energies, as shown below.
The energy and AM flux of electromagnetic field can
be obtained from [43, 44]
S =
1
µ0
〈
: E⊥ ×B :
〉
, (5)
←→M = 〈 : r ×←→T : 〉, (6)
where 〈 : AB : 〉 denotes normal order of operators AB
when taking the ensemble average, which removes the
zero-point motion contribution, and
←→
T is the Maxwell
stress tensor with Tµν =
1
2δµν(ε0E
2+µ−10 B
2)−ε0EµEν−
µ−10 BµBν . Equations (5) and (6) can be expressed in
terms of photon Green’s function (GF) [45]
Sµ(r) =µνγγδξ
2
µ0
∫ +∞
0
dω
2pi
~ω
× Re
[
− ∂
∂x′δ
D<νξ(r, r
′, ω)
]∣∣∣∣
r′→r
.
(7)
Einstein summation rule is used here, and µνγ is the
Levi-Civita symbol, D<νξ(r, r
′, ω) is the photon’s lesser
GF in the frequency domain. Relevant quantities in
Eq. (6) are written as
〈 : EµEν : 〉 =2i~
∫ ∞
0
dω
2pi
(~ω)2Re
[
D<µν(r, r, ω)
]
, (8a)
〈 : BµBν : 〉 =i2~
∫ ∞
0
dω
2pi
µγξνγ′ξ′
× Re
[
∂
∂xγ
∂
∂x′γ′
D<ξξ′(r, r
′, ω)
]∣∣∣∣
r′→r
.
(8b)
The GFs are obtained following the standard NEGF
formalism. The retarded GF is solved by the Dyson equa-
tion Dr = dr + drΠrDr, and dr is the free space photon
GF [46]. The lesser GFs are obtained by the Keldysh
equation D< = DrΠ<Da, with Da = (Dr)†. We use the
random phase approximation to calculate the interacting
self-energy
Π<µν(ri, rj , ω) = −i~
∫ +∞
−∞
dE
2pi~
Tr
[
M iµg<(E)M jνg>(E − ~ω)
]
, (9)
where Tr[· · · ] means trace over the electron degrees of
freedom, g<(>) = grΣ
<(>)
leads g
a is the lesser (greater) GFs
for the noninteracting electrons. Here, Σ
<(>)
leads is the lesser
(greater) self-energy due to electron’s coupling with the
leads. The leads are in their respective equilibrium states
and the self-energies follow the fluctuation-dissipation
theorem, for lead β, Σ<β = ifβΓβ and Σ
>
β = i(−1+fβ)Γβ .
Here, fβ(E,µβ) = 1
/[
exp
(E−µβ
kBTβ
)
+ 1
]
is the Fermi dis-
tribution function, µβ is the chemical potential, Tβ is
the temperature, kB is the Boltzmann constant, and
Γβ = −2Im
[
Σrβ
]
is the coupling-weighted spectrum of
the lead.
To calculate the total energy and AM radiation, we
choose a large spherical surface enclosing the molecule,
and perform the surface integral
P =
∮
S · dA, (10)
dL
dt
=
∮ ←→M· dA, (11)
where dA = RˆdA, with Rˆ = R/R denoting the unit
normal vector of the spherical surface dA with radius
R. In the far-field region (with R much larger than the
photon wavelength λ and the central molecule’s size ∼ a),
we get simplified expressions for Eq. (10) and Eq. (11) as
P = −
∫ ∞
0
dω
2pi
~ω2
3piε0c3
Im
[
Πtot,<µµ (ω)
]
, (12)
dLγ
dt
=
∫ ∞
0
dω
2pi
~ω
3piε0c3
γµνRe
[
Πtot,<µν (ω)
]
, (13)
with Πtot,<µν (ω) =
∑
ij Π
<
µν(ri, rj , ω). Einstein summa-
tion rule is used here. We have performed the solid angle
integration within the monopole approximation, i.e., ne-
glecting the molecular size considering (a/R)  1. We
observe that the emission power is related to the trace,
while AM emission rate to the antisymmetric part of the
tensor, Πtot,<. Eq. (13) is the main result of this pa-
per. It serves as a simple formula for calculating far-field
radiation of optical AM from biased molecular systems.
Application.– The theory we develop is quite general.
We now apply it to a prototypical benzene molecule junc-
3FIG. 2. (a) Selection rules for the emission of optical an-
gular momentum between energy levels of the TB benzene
molecule. (b) Light emission with leads coupled directly to
two eigenmodes of the benzene molecule in high bias regime.
Γ¯ is the weak lead coupling to the modes. (c) Orbital resolved
electron density of states (DOS) of the benzene molecule when
coupled to the leads in ortho position shown in Fig. 1, with
Γ = 0.4 eV. The DOS is defined by −Im[g˜rll(E)]/pi for energy
level l.
tion shown in Fig. 1. We take the NN hopping parameter
as −tij = t = 2.5 eV and C-C bond length as a = 1.4
A˚. We use the wideband approximation for molecule-lead
coupling with ΓL = ΓR = Γ.
The isolated benzene molecule has a C6 rotational
symmetry. We put the molecule in the x-y plane with
site positions xj = a cos(2pij/6), yj = a sin(2pij/6),
j = 1, 2, . . . , 6. The orbital eigen energies are El =
−2t cos(2pil/6), with l = 0,±1,±2, 3. We have neglected
the spin degeneracy here. When coupled to the two
metal leads, the energy levels are broadened, but the de-
generacy is not lifted. The orbital resolved density of
states (DOS) is shown in Fig. 2(c). Here the mode space
GF g˜r is related to the real space GF via the unitary
transformation g˜r = U†grU , with Ujm = ei2pijm/6/
√
6,
j,m = 1, 2, . . . , 6. Note that the mode index m is unique
only modulo 6, thus 6 is the same as 0, and 5 is the same
as −1. Also, we use the notation that an operator de-
noted as O in real space is written as O˜ in mode space,
with O˜ = U†OU .
The mechanism of AM emission can be understood by
considering the selection rules in mode space. Defining
the electron velocity matrix vµij = tij(ri − rj)µ/~, we
have vµ = 1ie
∑
kM
kµ, which has the C6 rotational sym-
metry. For the coordinate system we choose here, the C6
symmetry leads to the relations v˜xnmv˜
x
mn = v˜
y
nmv˜
y
mn and
v˜xnmv˜
y
mn = i∆mnv˜
x
nmv˜
x
mn. Here, ∆mn = sgn(m − n) if
|m− n| = 1, and ∆16 = −∆61 = 1, otherwise ∆mn = 0.
We consider the simple case where the leads couple re-
spectively to only two eigenmodes of the molecule in the
high bias regime µL  En < Em  µR [Fig. 2(b)].
Due to the high bias setting, we have g˜<mm(E) ≈
iΓ¯
(E−Em)2+(Γ¯/2)2 , g˜
>
nn(E) ≈ −iΓ¯(E−En)2+(Γ¯/2)2 , g˜>mm(E) ≈ 0
and g˜<nn(E) ≈ 0. In the limit Γ¯ → 0, we get from
Eq. (12) P = −ω2mne2(v˜xnmv˜xmn + v˜ynmv˜ymn)/(3piε0c3),
and dLz/dt = iωmne
2(v˜xnmv˜
y
mn− v˜ynmv˜xmn)/(3piε0c3) from
Eq. (13), with ~ωmn = Em−En [45]. Using the relations
of the velocity matrix due to the C6 symmetry, we get
dLz/dt
P =
∆mn
ωmn
. This result is reminiscent of the Eq. (19)
of a recent work for the classical case of AM radiation
from a single electron performing circular motion with
a constant frequency [47]. Since every emitted photon
carries an energy ~ωmn, the number of photons emitted
per unit time is dN/dt = P/(~ωmn). Thus, the AM per
emitted photon is ∆L = dLz/dtdN/dt = ∆mn~, which is the
selection rules shown in Fig. 2(a).
The light emission for real space coupling in Fig. 1
is a combination of all the possible processes shown in
Fig. 2(a). This is tuned by the applied bias. Significant
light emission between two energy levels of the molecule
is possible when the energy levels enter into the bias win-
dow, restricted by the selection rules. Since the degen-
erate energy levels (l = ±1,±2) are broadened but not
split when the molecule couples to the leads, they will en-
ter into or out of the bias window simultaneously. Light
emission from inelastic transition l = 2 → l = 1 is ac-
companied by emission from transition l = −2→ l = −1.
These two processes emit light with opposite AM. The
summation of the two leads to cancellation of the total
AM.
Fig. 3(a) shows the intensity plot of total AM radiation
as a function of the two chemical potentials µL and µR
in the ortho position. We observe a four-line-segment
feature (FLSF) where the AM radiation is large when one
chemical potential is in resonance with the eigenstates at
±t and the bias window covers the energy range [−t, t].
The AM radiation is quite small in other regions. To
analyze this resonant effect, we show in Fig. 3(b) the
frequency/energy resolved spectrum of the AM radiation
(Eq. (13) without frequency integration) for the resonant
case. There is a large peak at ~ω = 2t, which implies
that the FLSF in Fig. 3(a) is contributed mainly from
the radiative transition processes l = 2 → l = 1 and
l = −2→ l = −1.
To verify this further, we performed a simplified cal-
culation using only four modes at E = ±t. We find that
the cross correlations between the degenerate states, such
as g˜r15(E) and g˜
r
24(E), are important in resulting the net
AM radiation than the correlations between nondegener-
ate states, such as g˜r12(E) and g˜
r
14(E). We set the latter
to 0 for simplicity. With these simplifications, for the
resonant peak at µL = −t, we get from Eq. (13) in the
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FIG. 3. (a) Intensity plot of angular momentum radiation
rate normalized by (dLz/dt)/J0 as a function of chemical po-
tentials µL/t and µR/t. (b) Frequency resolved spectrum of
the angular momentum radiation, normalized relative to the
maximum value at ~ω = 2t, for µL = −t and µR = 6 eV. (c)
Line cut of the plot in (a) at µR = 4 eV. (i)(ii) are results cal-
culated from Eq. (13) at zero temperature, while (iii)(iv) are
results from Eq. (14). Γ = 0.1 eV for (i)(iii), and Γ = 0.4 eV
for (ii)(iv). The leads couple to the benzene molecule in ortho
position for (a)(b)(c). For (c)(d), µR = 4 eV. For (a)(b)(d),
Γ = 0.4 eV, T = 300 K.
zero temperature limit [45]
dLz
dt
≈ J0 (Γ/6)
2
(µL + t)2 + (Γ/6)2
, (14)
with J0 =
2√
3pi
tα(v0/c)
2, v0 = at/~, the fine structure
constant α = e2/(4piε0~c), and the light speed c. The
approximate expression of Eq. (14) agrees well with nu-
merical results from Eq. (13) [Fig. 3(c)]. Eq. (14) implies
that the height of the resonance peak is a constant at
zero temperature, and its width is characterized by Γ/6.
Fig. 3(d) shows the AM radiation for different ways of
connecting the leads. For ortho position, the resonant
peak is broadened and its height is reduced, compared to
the zero-temperature result (ii) in Fig. 3(c). This is due
to a higher temperature at 300 K. For the asymmetric
couplings at meta position, the AM radiation shows res-
onant effect, similar to the result at ortho position but
with opposite direction of AM. However, for the symmet-
ric couplings at para position, the net AM is 0 despite
of the applied biases. These properties imply the pos-
sibility to design smart optical devices that can control
the generation of AM radiation by simply applying an
electric bias to the molecule junction, a convenient way
compared with controlling AM radiation using a temper-
ature bias [48, 49] or an external magnetic field [50].
Conclusion.– In summary, using the NEGF method,
we have developed a theoretical framework to study AM
radiation from current-carrying molecular junctions. As
an application, the theory identifies from a quantum
viewpoint that electrons of a ring-like benzene molecule
emit light with AM due to radiative transitions between
different angular momentum states. Due to asymmet-
ric couplings to the leads and electron tunneling between
degenerate energy states with opposite angular momen-
tum, large resonant effect with the bias potential was
discovered. Our theory can be straightforwardly applied
to more realistic chiral molecules.
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1Supplemental Material: Angular momentum radiation from current-carrying
molecular junctions
Zu-Quan Zhang, Jing-Tao Lu¨ and Jian-Sheng Wang
DERIVATION OF THE RADIATION FORMULAS
In this section, we give some details of the derivations of Eq. (12) and Eq. (13) for energy radiation and AM
radiation respectively in the main text. The photon GF is defined as Dµν(r, r
′; τ, τ ′) = − i~ 〈TτAµ(r, τ)Aν(r′, τ ′)〉,
where the operators are in the Heisenberg representation, and Tτ is the time-order operator on the Keldysh contour.
The required lesser GF in Eqs. (7)-(8b) in the main text is obtained by the Keldysh equation D< = DrΠ<Da, with
Da = (Dr)†. Specifically, it is given by
D<(r, r′, ω) = dr(r, ri, ω)χ<(ri, rj , ω)da(rj , r′, ω), (S1)
with χ< = ε−1Π<(ε†)−1. Here, the matrix multiplication in coordinate component subscripts (µ, ν = x, y, z) and
summation over sites i, j are implied. We have defined the matrix function ε = 1 − Πrdr and ε† = 1 − daΠa, with
1 for the identity matrix. Excitations of the photons and screening effect are included in χ<(ri, rj , ω). The retarded
photon GF in free space is
drµν(r, ω) = −
eqr
4piε0rc2
(
δµν − xµxν
r2
)− 1
4piε0rc2
(eqr − 1
r2q2
− e
qr
rq
)(
δµν − 3xµxν
r2
)
, (S2)
where c is the speed of light in free space, and q = iωc .
In calculating the energy radiation and AM radiation, the normal order is introduced to remove the contribution
of zero-point motion. The vector field operator is split into a positive frequency part and a negative frequency part,
Aµ = A
(+)
µ + A
(−)
µ . The rule of normal order is to put operators with positive frequency part on the right side of
negative frequency part, i.e.,
〈
: A
(+)
µ A
(−)
µ :
〉
=
〈
A
(−)
µ A
(+)
µ
〉
. We can write
− i
~
〈 : Aµ(rt)Aν(r′t′) : 〉 = D>µν(r, r′; t, t′) +D(N)νµ (r′, r; t′, t)−D(A)µν (r, r′; t, t′). (S3)
Here the normal order and anti-normal order correlation functions are written as
D(N)µν (r, r
′; t, t′) = − i
~
〈
A(−)µ (rt)Aν(r
′t′)(+)
〉
, D(A)µν (r, r
′; t, t′) = − i
~
〈
A(+)µ (rt)Aν(r
′t′)(−)
〉
. (S4)
Applying E⊥ = −∂tA and B = ∇ × A using the Coulomb gauge, and neglecting longitudinal electric field in the
far-field region, we get
〈 : Eµ(rt)Bν(r′t′) : 〉t′→t = ενδξ
(
− ∂
∂x′δ
)∫ +∞
−∞
dω
2pi
~ω
[
D>µξ(r, r
′, ω) +D(N)ξµ (r
′, r,−ω)−D(A)µξ (r, r′, ω)
]
. (S5)
Using the relations (see Ref.[S3])
D(N)µν (r, r
′, ω) = θ(−ω)D>µν(r, r′, ω), D(A)µν (r, r′, ω) = θ(ω)D>µν(r, r′, ω), (S6)
we get from Eq. (S5)
〈 : Eµ(rt)Bν(r′t′) : 〉t′→t = ενδξ
(
− ∂
∂x′δ
)[∫ 0
−∞
dω
2pi
~ωD>µξ(r, r
′, ω) +
∫ +∞
0
dω
2pi
~ωD>ξµ(r
′, r,−ω)
]
. (S7)
Applying the relations D>µν(r, r
′, ω) = D<νµ(r
′, r,−ω) and D<µν(r, r′, ω) = −
[
D<νµ(r
′, r, ω)
]∗
, we write Eq. (S7) as
〈 : Eµ(rt)Bν(r′t′) : 〉t′→t = ενδξ
∫ ∞
0
dω
2pi
~ω2Re
[
− ∂
∂x′δ
D<µξ(r, r
′, ω)
]
. (S8)
Bringing Eq. (S8) into Eq. (5), we get Eq. (7). Similarly, we can get Eqs. (8a) and (8b) in the main text.
2We write the free space GF in Eq. (S2) and its real space partial derivative to order O(1/r2) as follows
drµν(r, ω) = C
eqr
r
(δµν − RˆµRˆν)− C e
qr
r2
1
q
(δµν − 3RˆµRˆν) +O(1/r3), (S9)
∂
∂xγ
drµν(r, ω) = C
eqr
r
qRˆγ(δµν − RˆµRˆν)− C e
qr
r2
[
2Rˆγ(δµν − 3RˆµRˆν) + δγµRˆν + δγνRˆµ
]
+O(1/r3), (S10)
with C = −1/(4piε0c2) and Rˆµ = xµ/r. Noting the full GF in Eq. (S1), we calculate the partial derivative of the full
GF in Eq. (7) as below
∂
∂x′δ
D<νξ(r, r
′, ω) = drνµ1(r, ri, ω)χ
<
µ1µ2(ri, rj , ω)
∂
∂x′δ
daµ2ξ(rj , r
′, ω), (S11)
where Einstein summation rule is assumed. Using the relation da = (dr)†, and making the monopole approximation
drµν(r, ri, ω) = d
r
µν(r − ri, ω) ≈ drµν(r, ω), we write Eq. (S11) as
∂
∂x′δ
D<νξ(r, r
′, ω) ≈ drνµ1(r, ω)
∑
ij
χ<µ1µ2(ri, rj , ω)
∂
∂x′δ
[
drξµ2(r
′, ω)
]∗
. (S12)
Let’s first focus on the calculation of the energy radiation. We write the spherical surface integration of energy
radiation by Eq. (10) as solid angle integration
P =
∫
dΩR2S · Rˆ, (S13)
where Ω is the solid angle of the spherical surface. In the large distance limit, R2S · Rˆ in Eq. (S13) should be a
quantity independent of the distance R due to conservation of the radiation energy. Thus, calculation of the Poynting
vector in Eq. (7) should be kept to order O(1/r2), which implies that we only need to keep terms of order O(1/r) in
Eq. (S9) and Eq. (S10) for calculating the energy radiation. Eq. (S12) can thus be calculated as[
∂
∂x′δ
D<νξ(r, r
′, ω)
]∣∣∣∣
r=r′
≈ C e
qr
r
(δνµ1 − RˆνRˆµ1)
∑
ij
χ<µ1µ2(ri, rj , ω)C
e−qr
r
(−q)Rˆδ(δξµ2 − RˆξRˆµ2). (S14)
Using Eq. (S14) to calculate Eq. (7) and bringing the result to Eq. (S13), we get the energy radiation power as
P = −
∫ ∞
0
dω
2pi
~ω2
8pi2ε0c3
∫
dΩ(δµν − RˆµRˆν)
∑
ij
Im
[
χ<µν(ri, rj , ω)
]
. (S15)
We can make the approximation χ<µν(ri, rj , ω) ≈ Π<µν(ri, rj , ω) considering that the screening effect due to the
radiation field is very small and can be neglected. Performing the solid angle integration in Eq. (S15), we get
P = −
∫ ∞
0
dω
2pi
~ω2
3piε0c3
Im
[
Πtot,<µµ (ω)
]
, (S16)
with Πtot,<µν (ω) =
∑
ij Π
<
µν(ri, rj , ω). This is Eq. (12) in the main text.
For the AM radiation, we write the surface integration in Eq. (11) as the solid angle integration
dL
dt
=
∫
dΩR3〈: Rˆ×←→T :〉 · Rˆ. (S17)
In the large distance limit, R3〈: Rˆ ×←→T :〉 · Rˆ in Eq. (S17) should be independent of R due to angular momentum
conservation. This requires that the full GF and its partial derivative in Eq. (8a) and Eq. (8b) should be calculated
in the order of O(1/r3). We need to keep the terms of order O(1/r2) as well as O(1/r) in Eq. (S9) and Eq. (S10) to
calculate Eq. (8a) and Eq. (8b). The calculation is similar to that for the energy radiation. Bringing Eq. (8a) and
Eq. (8b) to Eq. (S17), we get the AM radiation rate as
dL
dt
=
∫ ∞
0
dω
2pi
~ω
4pi2ε0c3
∫
dΩRe
[
Rˆ×Πtot,<(ω) · Rˆ]. (S18)
Performing the solid angle integration in Eq. (S18), we obtain Eq. (13) in the main text.
3THE SELECTION RULES FOR THE TIGHT-BINDING BENZENE MOLECULE
In this section, we give some details of the derivation of the selection rules for the AM radiation of the TB
benzene molecule in the main text. To get an intuitive physical picture from the viewpoint that a photon is emitted
via a radiative transition by electrons from a state with higher energy to a state with lower energy, we make the
transformation from real space to mode space to analyze the radiation process. For the calculation of Eq. (12) and
Eq. (13) in the main text, the transformation to mode space is implemented as
Πtot,<µν (ω) =− i~
∫ +∞
−∞
dE
2pi~
Tr
[
Mµg<(E)Mνg>(E − ~ω)
]
=− i~
∫ +∞
−∞
dE
2pi~
Tr
[
U†MµUU†g<(E)UU†MνUU†g>(E − ~ω)U
]
=− i~
∫ +∞
−∞
dE
2pi~
Tr
[
M˜µg˜<(E)M˜ν g˜>(E − ~ω)
]
.
(S19)
Here Mµ is the electron-photon coupling matrix summed over the photon site index k. For the simplest case that
only two eigenstates with energy Em and En of the TB benzene molecule are connected to the two leads respectively
(see Fig. 2(b) in the main text). Eq. (S19) can be written as
Πtot,<µν (ω) =− i~
∫ +∞
−∞
dE
2pi~
M˜µmng˜
<
nn(E)M˜
ν
nmg˜
>
mm(E − ~ω)
− i~
∫ +∞
−∞
dE
2pi~
M˜µnmg˜
<
mm(E)M˜
ν
mng˜
>
nn(E − ~ω).
(S20)
In the high bias regime µL  En < Em  µR, we make the approximations g˜<mm(E) ≈ iΓ¯(E−Em)2+(Γ¯/2)2 , g˜>nn(E−~ω) ≈
−iΓ¯
(E−En−~ω)2+(Γ¯/2)2 , g˜
>
mm(E − ~ω) ≈ 0 and g˜<nn(E) ≈ 0. The first term in Eq. (S20) is zero, so we can write
Πtot,<µµ (ω) ≈ −i~
∫ +∞
−∞
dE
2pi~
M˜µnmM˜
ν
mng˜
<
mm(E)g˜
>
nn(E − ~ω). (S21)
Bringing Eq. (S21) into Eq. (12) and Eq. (13), we get
P =
∫ ∞
0
dω
2pi
~2ω2
3piε0c3
∫ ∞
−∞
dE
2pi~
(
M˜xnmM˜
x
mn + M˜
y
nmM˜
y
mn
)
g˜<mm(E)g˜
>
nn(E − ~ω), (S22)
dLz
dt
=
∫ ∞
0
dω
2pi
~2ω
3piε0c3
∫ ∞
−∞
dE
2pi~
(
− iM˜xnmM˜ymn + iM˜ynmM˜xmn
)
g˜<mm(E)g˜
>
nn(E − ~ω). (S23)
The benzene molecule model has C6 symmetry. We choose the positions of the six sites as xj = a cos(2pij/6),
yj = a sin(2pij/6), zj = 0, with j = 1, 2, . . . , 6. Noting M
µ
ij = iev
µ
ij = i
e
~ tij(ri − rj)µ, Ujm = 1/
√
6ei2pijm/6, we get
M˜x =
eat
2~

0 2i 0 0 0 −i
−2i 0 i 0 0 0
0 −i 0 −i 0 0
0 0 i 0 −2i 0
0 0 0 2i 0 −i
i 0 0 0 i 0
 , M˜
y =
eat
2~

0 −2 0 0 0 −1
−2 0 −1 0 0 0
0 −1 0 1 0 0
0 0 1 0 2 0
0 0 0 2 0 1
−1 0 0 0 1 0
 , (S24)
(M˜x)T · M˜x =
(eat
2~
)2

0 4 0 0 0 1
4 0 1 0 0 0
0 1 0 1 0 0
0 0 1 0 4 0
0 0 0 4 0 1
1 0 0 0 1 0
 , (M˜
x)T · M˜y =
(eat
2~
)2

0 4i 0 0 0 −i
−4i 0 i 0 0 0
0 −i 0 i 0 0
0 0 −i 0 4i 0
0 0 0 −4i 0 i
i 0 0 0 −i 0
 . (S25)
4Here, we have defined an element-wise matrix multiplication
[
(M˜µ)T · M˜ν
]
mn
= M˜µnmM˜
ν
mn. From Eq. (S24) and
Eq. (S25), we get the relations
M˜xnmM˜
x
mn = M˜
y
nmM˜
y
mn, M˜
x
nmM˜
y
mn = i∆mnM˜
x
nmM˜
x
mn. (S26)
Here, ∆mn = sgn(m− n) if |m− n| = 1, and ∆16 = −∆61 = 1, otherwise ∆mn = 0. Taking the weak coupling limit
Γ¯→ 0 in Eq. (S22) and Eq. (S23), we get
P =
ω2mn
3piε0c3
(
M˜xnmM˜
x
mn + M˜
y
nmM˜
y
mn
)
, (S27)
dLz
dt
=
ωmn
3piε0c3
(
− iM˜xnmM˜ymn + iM˜ynmM˜xmn
)
, (S28)
with ~ωmn = Em − En. Bringing Eq. (S26) into Eq. (S27) and Eq. (S28), we get
dLz/dt
P
=
∆mn
ωmn
. (S29)
Since every emitted photon carries an energy ~ωmn, the number of photons emitted per unit time is dN/dt =
P/(~ωmn). The angular momentum carried by an emitted photon is ∆L = dLz/dtdN/dt = ∆mn~.
DERIVATION OF THE RESONANT EFFECT
In this section, we give a derivation of Eq. (14) in the main text for the resonant effect of the AM radiation. The
resonant effect is supposed to involve the inelastic transitions l = 2 → l = 1 and l = −2 → l = −1 with the emitted
photon energy ~ω ≈ 2t, supported by the FLSF with the chemical potential bias |µL − µR| = 2t [Fig. 3(a)] and the
AM radiation spectrum with the large peak at ~ω = 2t [Fig. 3(b)]. The interacting self-energy including these two
processes is written as
Πtot,<µν (ω) =− i~
∫ +∞
−∞
dE
2pi~
M˜µ12g˜
<
22(E)M˜
ν
21g˜
>
11(E − ~ω)
− i~
∫ +∞
−∞
dE
2pi~
M˜µ54g˜
<
44(E)M˜
ν
45g˜
>
55(E − ~ω).
(S30)
Noting the M˜µ matrix in Eq. (S24), we get
Πtot,<xy (ω)−Πtot,<yx (ω) =− 2e2v20
∫ +∞
−∞
dE
2pi
[
g˜<22(E)g˜
>
11(E − ~ω)− g˜<44(E)g˜>55(E − ~ω)
]
, (S31)
with v0 = at/~. We consider only the cross correlations between the degenerate states, which is important to account
for the resonant effect. Specifically, for degenerate states l = 1 and l = −1, we write the GFs as[
g˜r11(E) g˜
r
15(E)
g˜r51(E) g˜
r
55(E)
]
=
[
E + t− [Σ˜rleads]11 −[Σ˜rleads]15
−[Σ˜rleads]51 E + t− [Σ˜rleads]55
]−1
, (S32)
and [
g˜<11 g˜
<
15
g˜<51 g˜
<
55
]
=
[
g˜r11 g˜
r
15
g˜r51 g˜
r
55
] [ [
Σ˜<leads
]
11
[
Σ˜<leads
]
15[
Σ˜<leads
]
51
[
Σ˜<leads
]
55
] [
g˜a11 g˜
a
15
g˜a51 g˜
a
55
]
. (S33)
We consider the leads are coupled to the benzene molecule in the ortho position. The retarded lead self-energy
is
[
Σrleads
]
ij
= −iΓ2 δij(δi1 + δi2). The lesser and greater self-energies are
[
Σ<leads
]
11
= ifLΓ,
[
Σ<leads
]
22
= ifRΓ,[
Σ>leads
]
11
= i(−1 + fL)Γ,
[
Σ>leads
]
22
= i(−1 + fR)Γ. The mode space self-energies can be obtained by Σ˜r,<,>leads =
U†Σr,<,>leads U . We get from Eq. (S32)
g˜r11(E) =
1
2
[ 1
E + t+ iΓ/12
+
1
E + t+ iΓ/4
]
≈ 1
E + t+ iΓ/6
, (S34)
g˜r15(E) =
1
2
[ 1
E + t+ iΓ/12
− 1
E + t+ iΓ/4
]
≈ iΓ/12
(E + t+ iΓ/6)2
, (S35)
5and g˜r55(E) = g˜
r
11(E). Similarly, we get
g˜r22(E) ≈
1
E − t+ iΓ/6 , (S36)
g˜r24(E) ≈
iΓ/12
(E − t+ iΓ/6)2 , (S37)
and g˜r44(E) = g˜
r
22(E). We obtain
g˜<22(E)g˜
>
11(E − ~ω)− g˜<44(E)g˜>55(E − ~ω)
≈ Γ
2
6
√
3
Im
[(
g˜r24(E)
)∗
g˜r22(E)
]∣∣g˜r11(E − ~ω)∣∣2[fL(E)− fR(E)][− 2 + fL(E − ~ω) + fR(E − ~ω)]
− Γ
2
6
√
3
Im
[(
g˜r15(E − ~ω)
)∗
g˜r11(E − ~ω)
]∣∣g˜r22(E)∣∣2[fL(E − ~ω)− fR(E − ~ω)][fL(E) + fR(E)].
(S38)
In getting Eq. (S38), we have omitted some higher order terms considering that we may take the cross correlations
of degenerate states g˜r15 and g˜
r
24 as perturbations. Calculating Eq. (S31) using Eq. (S38) and bringing the result to
Eq. (13), we get the AM radiation
dLz
dt
≈J0
[
θ(−t− µR) (Γ/6)
2
(µL − t)2 + (Γ/6)2 − θ(−t− µL)
(Γ/6)2
(µR − t)2 + (Γ/6)2
+ θ(µR − t) (Γ/6)
2
(µL + t)2 + (Γ/6)2
− θ(µL − t) (Γ/6)
2
(µR + t)2 + (Γ/6)2
]
,
(S39)
with J0 =
2√
3pi
tα(v0/c)
2 and α = e2/(4piε0~c). In getting Eq. (S39), we have used zero temperature limit for the Fermi
functions of the two leads and assumed the lead coupling is weak, i.e., Γ t. Taking µR = 4 eV > t in Eq. (S39), we
get Eq. (14) in the main text.
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